Xanthate-modified cross-linked magnetic chitosan/poly(vinyl alcohol) particles (XCMCP) were synthesized and applied to remove Pb(II) and Cu(II) ions from aqueous solutions. To further explore the adsorption mechanisms, the complexes were characterized by Fourier transform infrared spectroscopy (FTIR), Scanning Electron Microscope (SEM), Vibrating Sample Magnetometer (VSM), X-ray Diffraction (XRD), and X-ray Photoelectron Spectroscopy (XPS). The effects of pH, contact time, and temperature on the adsorption process were investigated. The results showed that the particles were super-paramagnetic with a saturation magnetization of 34.8 emu g
Introduction
Water pollution by heavy metals is a serious environmental problem because of their toxic and non-biodegradable nature.
1
The main potential sources of heavy metals in wastewater are fertilizers, fungicides, metals that are used in manufacturing, paints, pigments, and batteries.
2 Heavy metal ions may cause severe health problems in animals and humans, because they can bind to proteins, nucleic acids, and small metabolites in living organisms, which inhibits their functions. 3 Lead and copper ions are oen chosen as target metals because of their widespread use in the metal industry and their toxicity for humans and environmental health. 4 Copper and lead pollution has occurred in many places. Ground/surface water in Osun. 5 and surface water in cross-river states have shown a high copper concentration. 6 Well boreholes and streams in Kogi, and ground water in Abia contain above the permissible Pb(II) limit. 7, 8 Because they are harmful to human health, the United States Environmental Protection Agency (USEPA) has set Interim Drinking Water Health Advisory levels of 0.015 mg L
À1
for Pb 2+ Current techniques for the remediation of heavy-metalcontaminated water include chemical precipitation, ion exchange, ltration, reverse osmosis, and electrodeposition.
9-13
Compared with these treatment methods, adsorption is more attractive because of its low cost, high removal efficiency, and easy operation. Common sorbents, which include activated carbon, atomized slag, and red mud, are limited because of their low efficiency, their sensitivity to pH and the presence of other organic materials.
14-16 Chitosan (CS), which is the secondmost-abundant biopolymer aer cellulose, 17 is oen chosen as an effective bio-adsorbent for the removal or recovery of hazardous dyes, proteins, and heavy metals because of its nontoxicity, good biodegradability, excellent chemical resistance, and good mechanical properties. 18 However, dissolved chitosan is difficult to separate from solution aer adsorption of target contaminants and usually requires separation or modica-tion. 19 To solve this problem, poly(vinyl alcohol) (PVA) has been blended with chitosan to further enhance its mechanical and chemical properties via the formation of hydrogen bonds, 20, 21 which can create a three-dimensional network. 22 Ngah et al. studied copper removal by chitosan/PVA beads, but the adsorption capacity of chitosan/PVA beads was lower than other sorbents. 21 It is important to understand how to enhance the adsorption capacity of this adsorbent type. Sulfur compounds are efficient metal chelators because of their strong affinity for most heavy metals. 23 The xanthation of carbohydrate materials, particularly chitosan, has been reported for metal removal from aqueous solution, which occurs because the introduction of xanthate groups can enhance the metal-chelating capability of the adsorption.
24
Adsorbent recycling has become a key issue in practical applications, and magnetic materials are receiving increased attention. If magnetic properties can be imparted to the sorbents, it may facilitate their removal from solution. Magnetic chitosan composites are novel materials that exhibit good sorption behavior for various toxic pollutants. 25 However, it is necessary to establish how to improve the adsorption ability of this kind of adsorbent.
The overall goal of this research was to develop a material with a high adsorption capacity and good magnetic properties to remove Pb 2+ and Cu 2+ from aqueous solution. The aims of this study were to: (1) characterize the physical and chemical properties and specic sorption sites of XCMCP, (2) investigate the adsorption capacities of XCMCP for Pb 2+ and Cu 2+ , and (3) explain the XCMCP mechanisms. Preparation of xanthate-modied cross-linked magnetic CS/ PVA beads Preparation of XCMCP included two sequential steps. First, cross-linked magnetic CS/PVA was synthesized using the momentary gelation method by dropping a composite gelforming solution into an alkaline solution. Second, crosslinked magnetic CS/PVA was modied by introducing xanthate groups onto its backbone by treating it with carbon disulde under alkaline conditions (the formation mechanisms was shown in ESI Fig. S1 †) . Chitosan powder (6 g) was dissolved in 150 mL of 2% (v/v) aqueous acetic acid to form a solution of chitosan. PVA solution was prepared by dissolving 6 g of PVA powder in 150 mL of deionized water. Aer the chitosan and PVA powder had dissolved, the two solutions were mixed together, and 6 g Fe 3 O 4 was added into the mixture. The composite gel-forming solution was stirred continuously for 3 h at 303 AE 1 K. The gelforming solution was dropped into 1.0 M sodium hydroxide, which resulted in the formation of spherical hydrogel beads. The beads were gelled for 1 h and washed several times with deionized water. Finally, the wet beads were dipped into glutaraldehyde solution (0.046 mL, 0.12 mmol) and stirred for 12 h at 303 AE 1 K to obtain cross-linked magnetic CS/PVA. Aer washing thoroughly with deionized water, the cross-linked magnetic CS/PVA beads were ltered and dried at 343 K for 24 h.
Materials and methods

Materials
The CS/PVA beads (2 g) were treated with 100 mL of 14% NaOH solution and 1 mL of carbon disulde (the amount of CS 2 used was determined by preliminary experiments and the results were shown in ESI Fig. S2 †) . The mixture was stirred at room temperature for 24 h. The product was washed thoroughly with distilled water and dried at 343 K for 24 h.
Batch adsorption studies
Uptake experiments were carried out by placing 0.15 g of the dried XCMCP in a series of asks that contained 50 
where C 0 is the initial concentration of metal ions (mg L À1 ), C e is the equilibrium concentration of metal ions (mg L À1 ), V is the solution volume (L), and W is the adsorbent dry mass (g).
Analytical methods
Metal ions concentrations were determined using atomic adsorption spectroscopy (SSX-550, Shimadzu, Japan) at 283.3 nm for Pb 2+ and 324.7 nm for Cu
2+
. The slit width was 0.4 nm.
The surface morphologies of the XCMCP were visualized using SEM (SSX-550, Shimadzu, Japan). FTIR spectra were obtained with a Fourier transform infrared spectrometer (Nexus, Nicolet, USA), and a vibrating-sample magnetometer (7303, Lake shore, USA) was used to characterize the magnetic properties of XCMCP at room temperature. The crystal structure of XCMCP was obtained by XRD (D8 Focus, Bruker, Germany), and XPS (ESCALAB 250Xi, Thermo Fisher, USA) was used to characterize the elemental compositions of the XCMCP surfaces.
Results and discussion
Adsorption material characterization FTIR analysis. FTIR spectra were collected to investigate the transmutation of functional groups in the composite during modication and adsorption. The FTIR spectrum of a pure chitosan ake is presented in Fig. 1 The FTIR spectrum of XCMCP is presented in Fig. 1 (line b). Compared with the spectrum of pure chitosan, most basic characteristic peaks were weakened in the spectrum of XCMCP, which was attributed to the addition of PVA and Fe 3 O 4 . Aer modication, the band at 1071 cm À1 could be assigned to C]S and S-C-S. 23 
2,17
However, a signicant change in -NH 2 was not observed in this study, possibly because -NH 2 less effect on metal ions adsorption, or because the change was too weak to be observed.
SEM analysis. The XCMCP surface exhibited a microporous and irregular structure, as shown in the SEM images (Fig. 2) . Cubic-shaped particles that were attributed to Fe 3 O 4 were observed on the material surfaces. The XCMCP surface ( Fig. 2B ) was more rugged than that of chitosan ( Fig. 2A) , poly(vinyl alcohol) (results not shown), and Fe 3 O 4 (results not shown). The irregular surface enhanced the adsorption capability of XCMCP. Aer Pb 2+ adsorption (Fig. 2C) , the surface morphology changed signicantly, some initial pores were lled in, and hexagonal particles appeared on the surface. Similarly, crystalline particles were observed on the surface aer Cu 2+ adsorption (Fig. 2D ), although these crystals were irregular compared with those that were observed aer Pb 2+ adsorption. These particles likely formed as a result of the transformation of Pb 2+ and Cu
2+
. XRD analyses were used to investigate these particles further.
XRD analysis. XRD is an effective method for determining the crystal structure of XCMCP and can provide useful information on the physical and chemical forms of magnetic particles that are embedded in chitosan/PVA. The patterns conrm the existence of ferroferric oxide with magnetic properties that can be used for magnetic separation. 4 2 2), (5 1 1), (4 4 0 Fig. 2C and D) . VSM analysis. VSM was used to measure the magnetic properties of XCMCP. Hysteresis loops of pure Fe 3 O 4 and XCMCP were observed between AE10 kOe at 299 K (Fig. 4) . Obviously, the saturation magnetization of XCMCP was lower than that of pure Fe 3 O 4 because of the introduction of chitosan and PVA. The saturation magnetization of XCMCP was close to the previously reported values for magnetic chitosan bioadsorbents. 18, 22, 32 There was no remanence and a near-zero coercivity, which indicates that XCMCP was a superparamagnetic material. 22 The saturation magnetization of XCMCP was sufficient for its rapid response to an external magnetic eld. XCMCP was attracted rapidly to the side of the glass bottle from aqueous solution, and the solution became almost colorless. Although the saturation magnetization of XCMCP was lower than that of Fe 3 O 4 , XCMCP could be recovered easily from the liquid phase aer adsorption, which would facilitate its practical use.
Effect of pH on metal ions adsorption
Solution pH is one of the most important parameters that affects the adsorption process, 33 because it affects metal ions speciation, adsorbent surface charge, and the degree of sorbent ionization.
34
The effect of pH on Pb 2+ and Cu 2+ adsorption are shown in Fig. 5 . No obvious leakage or change in XCMCP characteristics was observed during the reaction, which indicates that XCMCP was insoluble in acidic and alkaline media. XCMCP did not show any observable mass loss at low pH, which shows that XCMCP was more resistant to low-pH conditions compared with pure chitosan. 37 In practical applications, the pH of most heavymetal-containing wastewater, such as electroplating wastewater, mine wastewater, battery production wastewater is acidic. If XCMCP exhibited a good durability in acidic wastewater, it would be a suitable adsorbent for wastewater treatment. 
Adsorption kinetics
To investigate the adsorption mechanisms and potential ratecontrolling step, pseudo-rst-order and pseudo-second-order kinetic models and intraparticle diffusion were used to interpret the experimental data. The pseudo-rst-order and pseudosecond-order kinetic equation models are expressed as:
where k 1 is the pseudo-rst-order rate constant of adsorption (h À1 ); k 2 is the pseudo-second-order rate constant of adsorption (g mg À1 h À1 ); and q e and q t are the ion adsorption amounts at equilibrium and at any time, respectively (mg g
À1
). k 1 and k 2 can be calculated from the slopes of the linear equations.
The intraparticle diffusion model was used to investigate the diffusion mechanisms:
where
); that is, k p,1 is the constant in the rst stage (external surface adsorption), and k p,2 is the constant in the second stage (inner bore adsorption). The rate constants of the kinetic models along with the corresponding regression coefficients (R 2 ) are listed in Table 1 .
At a low initial concentration ($50 mg L À1
), the correlation coefficients of the pseudo-rst-order and pseudo-second-order models were 0.951 and 0.972 for Pb(II) and 0.977 and 0.988 for Cu(II), respectively, which indicates that both models t the experimental data well. However, higher correlation coefficients were obtained from the pseudo-second-order model, which suggests that chemical sorption may be a rate-determining step in Pb 2+ and Cu 2+ adsorption, 40 whereas the role of mass transfer in solution was more limited. 41 Physical sorption was important in the adsorption process. As the initial concentration increased, the correlation coefficients for the pseudo-rst-order and pseudosecond-order models decreased, especially for Cu 2+ , which demonstrates that the two kinetic models did not describe the adsorption process well at high initial concentrations. This is attributed to the increased complexity of adsorption (i.e., adsorption could no longer be attributed only to simple chemical and physical sorption) because of metal ions hydrolysis at high initial concentrations.
The parameters of intraparticle diffusion are presented in Table 1 . The external surface adsorption stage of Pb 2+ adsorption was completed within 2 h, whereas Cu 2+ adsorption took longer.
As the initial concentration increased, k p,1 increased signicantly because of an enhancement of the concentration gradient force.
42
The linear portions of the second stage did not pass through the origin (results not shown), which indicates that intra-particle diffusion was not the rate-limiting step in the adsorption process. 43 k p,1 was much greater than k p,2 , which suggests that external surface adsorption was the main rate-determining step.
Adsorption isotherms
Adsorption equilibrium isotherms can express the surface properties and affinities of adsorbents using certain constants. 44 The initial Pb 2+ and Cu 2+ concentrations were adjusted to 1-500 mg L À1 for adsorption on XCMCP at 308, 318, and 328 K. Langmuir theory is based on the assumption that metal ions adsorption occurs on a homogenous surface by monolayer adsorption without any interaction among adsorbed ions. 45 The Freundlich isotherm describes adsorption on a heterogeneous surface and is not restricted to monolayer formation, and the amount of adsorbate adsorbed increases innitely with increasing concentration.
46
The Langmuir and Freundlich models were applied to interpret the adsorption process. Their linear forms are given as:
where C e is the equilibrium concentration of metal ions (mg L
À1
); q e is the amount of metal ions adsorbed by a unit of adsorbent at equilibrium (mg g À1 ); Q 0 is the amount of adsorbate at complete coverage (mg g À1 ), which gives the maximum adsorption capacity; b (L mg
) is the Langmuir constant that reects the energy of adsorption; K f is the Freundlich constant, which describes adsorption capability; and 1/n is the adsorption intensity.
The correlation coefficients (R 2 ) for the two models are listed in Table 2 . The Langmuir and Freundlich isotherms were tted Table 1 Kinetic model constants and correlation coefficients for the adsorption of metal ions onto XCMCP
Pseudo-rst-order Pseudo-second-order Intra-particle diffusion well to the equilibrium data, with R 2 exceeding 0.90 at different temperatures. These results indicate that the reaction process was a combination of homogeneous and heterogeneous adsorption, and the effect of adsorbate and adsorbent interactions on the adsorption process was nite. The maximum adsorption capacity that was obtained by the Langmuir isotherm changed only slightly with increasing temperature, which showed that the effect of temperature on the reaction process was insignicant. In the study of Lu et al., 48 the adsorption capacity of Pb(II) imprinted chitosan for Pb(II) was controlled by temperature. Thus, the application of this adsorbent was limited by temperature in a practical application. The stable adsorption capacity of XCMCP for heavy metals at different temperatures made it a promising material for water treatment.
The essential characteristics of the Langmuir isotherm can be expressed by a dimensionless constant, the equilibrium parameter R L , which is calculated from the following equation:
where b (L mg À1 ) is the Langmuir constant and C 0 is the initial
. R L was between 0 and 1 ( Table  2) , which indicates that metal ions adsorption on the adsorbent was favorable at all temperatures.
The results of heavy metal ions adsorption onto magnetic materials from various previous studies are shown in Table 3 .
The maximum adsorption capacities of XCMCP for Pb 2+ and Cu 2+ were comparable to or higher than those of other magnetic adsorbents. XCMCP performed better in the separation process because of its higher saturation magnetization.
Regeneration ability
The adsorbent regeneration ability is important for its reuse, which could reduce the processing costs and allow for the recycling of useful materials. The exhausted adsorbent was eluted by using 0.1 M HCl solution. Seven consecutive metal Table 2 Langmuir and Freundlic isotherm model constants and correlation coefficients for adsorption of metal ions onto XCMCP
Metal ions T (K)
Langmuir isotherm Freundlich isotherm ions adsorption-desorption cycles were conducted on XCMCP under the same conditions. Compared with fresh adsorbent, the adsorption capability of the regenerated adsorbent decreased slightly aer seven adsorption-desorption cycles (Fig. 6) 
Adsorption mechanism
To investigate the interactions between XCMCP and heavy metals, and to elucidate the adsorption mechanisms of heavy metal ions onto particles, XPS analysis of the XCMCP surface was conducted before and aer heavy metal adsorption. Survey scan results (not shown) indicated the presence of lead and copper, which demonstrates that the metal ions were adsorbed by XCMCP. The narrow C 1s, O 1s, and Fe 2p scans before and aer adsorption (results not shown) did not indicate signicant changes, which suggests that these atoms were not involved in the adsorption process. The narrow N 1s, S 2p, Pb 4f, and Cu 2p scans are shown in Fig. 7 . The N 1s spectrum of XCMCP comprised three peaks with binding energies of 399.5, 400.5, and 401.9 eV (Fig. 7a) . These peaks agreed with literature data.
55
The peak at 399.5 eV originated from -NH 2 , which is the basic structural unit of chitosan. 56 The second peak at 400.5 eV was assigned to O]C-NH-(amide) from the acetylated unit. 56 The third peak at 401.9 eV was attributed to-NH 3 + (protonated amine). The peaks of O]C-NH-and -NH 3 + were weak. The calculation of peak areas indicated that the total amine (-NH 2 ) and protonated amine (-NH 3 + ) concentrations exceeded 95%, which indicates that chitosan had a high degree of deacetylation. 55 Aer Pb 2+ adsorption (Fig. 7b) , a new peak appeared at 399.7 eV, and the peak at 399.5 eV of XCMCP shied slightly to 399.3 eV. Aer Cu 2+ adsorption (Fig. 7c) , a new peak appeared at 401.1 eV, and the peak at 399.5 eV of XCMCP shied slightly to 399.7 eV. These phenomena are attributed to interactions of N atoms with the heavy metals (according to NIST XPS data). These results indicate the formation of complexes between the surface groups of XCMCP with heavy metal ions, where pairs of lone electrons from the N atoms were shared with Pb 2+ or Cu 2+ .
The change in spectrum was more signicant aer Cu 2+ adsorption, which suggests that N atoms were more important in the Cu 2+ adsorption process.
The narrow S 2p scan before adsorption showed two peaks at 162.7 and 168.3 eV, which correspond to the thiol group and C]S, respectively (Fig. 7e) . 28 Aer Pb 2+ adsorption, the peak at 168.3 eV shied to 167.8 eV (Fig. 7f) . Aer Cu 2+ adsorption, the spectrum comprised three peaks. The additional peak at 168.15 eV was attributed to S-O in SO 4
2À
, and initial peaks moved to 162.8 and 169.0 eV (Fig. 7g) . The signicant change in binding energy (>0.5 eV) is considered to be from chemical shis. 57 This phenomenon may occur because of the coordination of S atoms with metal ions. Thus, the XPS spectra demonstrate the binding of Pb 2+ and Cu 2+ to S atoms. The Pb spectrum exhibits a doublet (Pb 4f 5/2 and Pb 4f 7/2 ) with symmetric peaks because of spin-orbit coupling (Fig. 7d) . The area ratio of 4f 5/2 to 4f 7/2 was 3 : 4. The 4f 7/2 peak could be decomposed into ve contributions at 138.6 eV (23.78%), 137.95 eV (29.92%), 138.35 eV (29.23%), 138.5 eV (13.77%), and 136.85 eV (3.30%), which correspond to Pb-S, Pb(OH) 2 , PbCO 3 , PbNO 3 , and Pb-NH 2 , respectively (according to NIST XPS data). Chemical and physical sorption accounted for 27.08% and 72.92% of the adsorption process, respectively. Therefore, S atoms played a leading role in chemical sorption. In physical sorption, Pb 2+ likely formed crystals and was adsorbed on the XCMCP surface. This speculation is consistent with the SEM and XRD results. The Cu 2p XPS spectrum revealed three segments, Cu 2p 1/2 , Cu 2p 3/2 , and satellites (Fig. 7h) . The appearance of satellites demonstrated the presence of Cu 2+ ions. 58 The Cu 2p 3/2 peak could be decomposed into ve contributions at 935.1 eV (29.52%), 935.0 eV (17.81%), 934.9 eV (6.43%), 934.5 eV (7.69%), and 932.7 eV (38.55%), which were assigned to Cu-S, CuCO 3 , CuSO 4 , Cu-NH 2 , and Cu(OH) 2 , respectively (according to NIST XPS data). Chemical and physical sorption accounted for 37.21% and 62.79% of the adsorption process, respectively. The mechanisms of Cu(II) sorption were similar to those of Pb(II).
In summary, the FTIR, SEM, and XRD analyses demonstrated that the xanthate group participated in the adsorption process, and that crystals appeared on the XCMCP surface aer adsorption. These conclusions were conrmed by the XPS analysis, which indicated the following possible mechanism of heavy metal absorption by XCMCP: (1) N and S atoms interacted with heavy metals, (2) heavy metals were transformed to crystals, and (3) heavy metals adsorbed on the XCMCP surface (Fig. 8) .
Conclusions XCMCP was synthesized and tested for metal ions removal from aqueous solution. The characterization results showed that XCMCP was a rough and magnetic material with xanthate groups. The adsorption capacity of XCMCP for Pb(II) or Cu(II) was better in near-neutral pH. Chemical sorption was likely the rate-limiting step in Pb(II) and Cu(II) adsorption process.
Physical sorption was important in the adsorption process. External surface adsorption was the main rate-determining step for adsorption. Based on the isotherm models, the maximum adsorption capacities of XCMCP were 59.855 and 139.797 mg g À1 for Pb(II) and Cu(II) at 328 K, respectively, and the reaction was a combination of homogeneous and heterogeneous adsorption. XCMCP exhibited a good property for repeated use and could still retain an effective adsorption efficiency aer seven cycles. The mechanism for Pb(II) and Cu(II) adsorption onto XCMCP involved the interactions of N and S atoms with heavy metals, and the transformation of heavy metals to crystals followed by their adsorption on the XCMCP surface. The magnetic and reusability properties of XCMCP make it a promising adsorbent for hazardous-metal-ion-contaminated water treatment.
